Recent animal research has shown that exposure to single episodes of intense noise causes cochlear synaptopathy without affecting hearing thresholds. It has been suggested that the same may occur in humans. If so, it is hypothesized that this would result in impaired encoding of sound and lead to difficulties hearing at suprathreshold levels, particularly in challenging listening environments. The primary aim of this study was to investigate the effect of noise exposure on auditory processing, including the perception of speech in noise, in adult humans. A secondary aim was to explore whether musical training might improve some aspects of auditory processing and thus counteract or ameliorate any negative impacts of noise exposure. In a sample of 122 participants (63 female) aged 30e57 years with normal or near-normal hearing thresholds, we conducted audiometric tests, including tympanometry, audiometry, acoustic reflexes, otoacoustic emissions and medial olivocochlear responses. We also assessed temporal and spectral processing, by determining thresholds for detection of amplitude modulation and temporal fine structure. We assessed speech-in-noise perception, and conducted tests of attention, memory and sentence closure. We also calculated participants' accumulated lifetime noise exposure and administered questionnaires to assess self-reported listening difficulty and musical training. The results showed no clear link between participants' lifetime noise exposure and performance on any of the auditory processing or speech-in-noise tasks. Musical training was associated with better performance on the auditory processing tasks, but not the on the speech-in-noise perception tasks. The results indicate that sentence closure skills, working memory, attention, extended high frequency hearing thresholds and medial olivocochlear suppression strength are important factors that are related to the ability to process speech in noise.
Introduction
Interest in "hidden hearing loss", a term first introduced by Schaette and McAlpine (2011) , has grown steadily in the past few years since it was shown in animals that one-off, short, intense noise exposures inflicted irreversible damage to the synaptic connections between the inner hair cells (IHCs) of the cochlea and high-threshold low-spontaneous rate (SR) auditory nerve fibres (Kujawa and Liberman, 2009; Liberman and Liberman, 2015; Lin et al., 2011) . More recent work has suggested that the damage may not be irreversible and that partial synaptic repair may occur following noise exposure, at least in guinea pigs (Liu et al., 2012; Shi et al., 2016) . In any case, because these noise exposures do not result in loss of IHCs or damage to outer hair cells (OHCs), auditory detection thresholds are unaffected, but the encoding of sound at suprathreshold levels is impaired. In noise-exposed humans, it is predicted that this will manifest as difficulties processing speech in noise in the absence of clinically elevated thresholds. It has also been suggested that noise-induced cochlear synaptopathy might be responsible for presentations of tinnitus and hyperacusis in those with otherwise clinically normal hearing thresholds (Paul et al., 2017; Schaette and McAlpine, 2011) . As yet it is unclear to what extent these animal findings translate to humans, and the exact nature of any perceptual consequences of cochlear synaptopathy has become the subject of intensive investigation (Le Prell and Clavier, 2017) .
Even before hidden hearing loss was coined, several researchers had reported that prior to the diagnosis of a clinical hearing loss, people with noise exposure may experience suprathreshold hearing difficulties including impaired spectro-temporal processing (Stone et al., 2008) ; poorer speech understanding in noise (Stephens et al., 2003) , altered speech-sound discrimination (Brattico et al., 2005) , and impaired attention (Kujala et al., 2004) . More recently, researchers have sought to identify a direct link between perceptual problems in humans and noise-induced loss of high-threshold auditory nerve fibres (Bharadwaj et al., 2015; Plack et al., 2014; Zeng, 2015) . Studies conducted at suprathreshold levels suggest that noise-exposed individuals have reduced sensitivity to amplitude modulation (Kumar et al., 2012) and temporal fine structure (Stone et al., 2008) ; reduced amplitude of ABR wave I (Bramhall et al., 2016) ; poorer performance on speech-in-noise tests (Hope et al., 2013; Suting, 2016) ; and reduced attentional control (Bressler et al., 2017) .
Despite these positive results suggesting that noise exposure is associated with suprathreshold perceptual difficulties, two recent UK studies of young adults found that neither symptoms of hidden hearing loss (Prendergast et al., 2016) , nor tinnitus appear to vary systematically with noise exposure. It was anticipated that wave I of the ABR would decrease in amplitude as noise exposure increased, however no relationship between amplitude and noise exposure or amplitude and tinnitus was demonstrated. These authors concluded that either noise-induced synaptopathy was not a problem in their cohort, or their tests lacked sufficient sensitivity. Further, they suggested that the effects of noise exposure may be more obvious in older individuals. Here, we conducted a large-scale study focused on listeners aged 30 to 57 years, on the assumption that people in this age range would be old enough for noise exposure effects to be measurable, but young enough that aging effects would be minimized e an important consideration since there is evidence that cochlear synaptopathy also occurs as part of age-related hearing loss from around the age of 55e60 years (Sergeyenko et al., 2013; Viana et al., 2015) .
The main aim of this study was to investigate the effect of noise exposure on auditory processing skills: temporal and spectral processing, and speech-in-noise perception. We also investigated cognitive abilities, working memory and attention, to control for non-auditory processes that might also affect speech-in-noise performance. We hypothesized that adults with more noise exposure would perform more poorly than those with less noise exposure on a range of suprathreshold tasks.
A secondary aim was to explore the effect of experience with musical training on the manifestation of hidden hearing loss. We expected that musical training would enhance auditory processing skills, as has been demonstrated previously (Parbery-Clark et al., 2009; Skoe and Kraus, 2012; Zendel and Alain, 2009) , and yet we also expected that the noise exposure concomitant with musical training and performance would impair auditory processes. Thus, we included musicians with varying degrees of noise exposure to investigate the interaction between the potentially negative effects of noise exposure and the positive effects of musical training.
Methods

Ethics
This study complied with the National Statement on Ethical Conduct in Human Research and was approved by the Australian Hearing and the Macquarie University Human Research Ethics Committees. All participants gave informed consent and were paid $40 for their participation.
Participants
Recruitment targeted adults from the general community aged between 30 and 60 years with self-reported normal hearing. We included people from a wide range of backgrounds, including those with and without a history of noise exposure, professional musicians and non-musicians. We also recruited people who specifically reported difficulties hearing speech in background noise.
Initially 151 adults enrolled in the study, which comprised two main components: an online survey (see Supplementary Materials) and laboratory testing. All participants completed the preappointment online survey, but 29 were excluded from the final sample either because they did not attend the laboratory appointment (n ¼ 13); were found to have hearing outside the study inclusion criteria (n ¼ 9; see Section 3.4); were speakers of a tonal language (n ¼ 3); learned English after school age (n ¼ 3); or failed to complete any laboratory tests (n ¼ 1). This paper reports on the results of the remaining 122 participants (63 female), aged 30e57 years (M females ¼ 44.7 years, SD ¼ 6.1 years; M females ¼ 45.4 years, SD ¼ 6.6 years), who undertook laboratory testing.
Online survey
Prior to participants attending the laboratory test session, Author 2 reviewed all survey responses and clarified any uncertainties via face to face, email or telephone interview. The survey included five sections covering questions about i) demographics; ii) hearing health; iii) noise exposure; iv) listening ability and v) musical training and engagement. From the survey responses, eight key data points were extracted as shown in Table 1 .
Laboratory test session
A fixed order test battery (Table 2) including interview questions, audiometry, auditory processing tasks and cognitive measures was administered in a sound-treated test room which met minimum ambient noise level requirements (ISO 8253-1, 2010) . The laboratory appointment lasted up to 3.5 h and included two compulsory rest breaks. Seventy percent of participants completed all tasks in a single visit, and the remainder attended over two or more sessions. To minimize the possibility of experimenter bias, the audiologist conducting the laboratory test session was blind to each participant's survey answers at the time of testing.
At the start of the appointment, participants answered questions covering risk factors for hearing health, prior exposure to noise, use of potentially ototoxic medications and smoking history; see Supplementary Materials. Otoscopy was performed to ensure that the external ear was normal and ear canal clear of wax or debris. Table 2 lists all items in the test battery, together with details of the stimuli and mode of presentation. All tests, except for the audiogram, were administered at suprathreshold levels, with the aim of activating high-threshold low-SR auditory nerve fibres (Furman et al., 2013) . As shown in the table, most stimuli were in the 3e4 kHz frequency region since this is where noise damage in humans first becomes evident (ISO-1999 (ISO- , 2013 , and where early signs of synaptopathy were expected to be observed. The right ear was assigned as the test ear (TE) for all monaurally administered tests except for seven participants who either had slightly better left ear thresholds (n ¼ 5); a rounded right-ear tympanometric peak (n ¼ 1); or a narrow but normal right external ear canal (n ¼ 1).
Audiometry
In order to confirm participants' report of normal or near- Average SSQ12 score (out of 10) Questions were from the short form of the Speech, Spatial and Qualities of Hearing scale (SSQ12; Noble et al., 2013) .
Music training
Index of music training score The index was calculated using responses to questions on formal and informal music training from the Music Use (MUSE) questionnaire (Chin and Rickard, 2012) and reflects each participant's highest level of music training obtained.
Noise exposure
Lifetime noise exposure (workplace þ leisure) in log Pa 2 h Using questions adapted from online surveys previously developed by the research team (Beach et al., 2013b; Williams et al., 2015) , respondents listed all jobs in which they had been exposed to noise, length of employment, percentage of time spent in noise, average hours per week, and use of hearing protection. They also estimated attendance at 12 known high-noise leisure activities during each decade of life, and use of hearing protection for each activity/time period. For each leisure activity average noise levels (L Aeq ) and typical durations were extracted from the NOISE database (Beach et al., 2013a) to calculate total leisure noise exposure (Pa 2 h). Total workplace noise exposure (Pa 2 h) was calculated using respondent's duration estimates and a nominal noise value of 90 dB L Aeq . Total lifetime noise exposure was adjusted for hearing protector use and a logarithmic transformation was applied, such that a 1-unit difference in the transformed variable corresponds to a change in exposure by a factor of 10. 2.4.1.2. Tympanometry. Tympanometry was performed using Interacoustics Titan IMP440 equipment. Tympanic membrane compliance values greater than or equal to 0.3 ml with peak pressure in the range À150 to þ50 daPa were accepted as normal middle ear function (Clark et al., 2007) . Two participants had slightly reduced compliance for the non-TE, and four had compliance greater than 2.0 ml (non-TE ¼ 3, TE ¼ 1), however all had present otoacoustic emissions and met study hearing level criteria. Ipsilateral (500 Hz and 1 kHz) and contralateral (500 Hz, 1, 2 and 4 kHz) acoustic reflexes were measured in automatic mode at 0 daPa peak pressure. A start level of 80 dB HL, stop level of 105 dB HL, and a threshold criteria of 0.02 ml were used. The presence of 1 kHz reflexes was confirmed manually for both conditions (at 5dB sensation level relative to the threshold obtained in automatic mode).
2.4.1.3. Distortion product otoacoustic emissions. Distortion product otoacoustic emissions (DPOAEs) were recorded using a Mimosa Acoustics HearID Auditory Diagnostics System (software version 5.1.9) with an Etymotic ER10C sound probe coupled to the ear with a disposable foam tip. A DPgram (amplitude vs. frequency) was measured to match the audiometric test frequencies. An f2/f1 ratio of 1.25 was used at intensity levels of f1 ¼ 65 dB SPL and f2 ¼ 55 dB SPL, which are clinically applicable for noise-induced dysfunction (Dhar and Hall, 2012) . The amplitude (at f2) was exported and an average HF DPOAE (3e6 kHz) and EHF DPOAE (9e12.5 kHz) value was calculated for the TE and non-TE.
2.4.1.4. Medial-olivocochlear reflex. The medial-olivocochlear reflex (MOCR) indirectly assesses efferent auditory system function (Dhar and Hall, 2012) and the strength of each participants' MOCR potentially predicts susceptibility to NIHL and cochlear synaptopathy (Marshall et al., 2014) . The MOCR was measured and calculated using an automated research module as described in Marshall et al. (2014) . Transient-evoked otoacoustic emissions were recorded using the manufacturer's default protocol (TE50_B2000_N60; Mimosa Acoustics, 2014) and testing continued until six quality trial pairs were achieved. Results were obtained for 82% of participants (n ¼ 100) and strength statistics for the 0.5e2.5 kHz band and the 0.5e6 kHz wide band were recorded.
Auditory processing tasks
In order to assess the ability to encode sound and understand speech in noise, we administered four auditory processing and two speech-in-noise tests.
2.4.2.1. Listening in Spatialized Noise-Sentences. Ability to understand speech in noise was tested using the high-cue condition (different voices ± 90 ) of the Australian version (2.202) of the Listening in Spatialized Noise-Sentences (LiSN-S) test (Cameron et al., 2011) . This condition was chosen because it presents spatially separated background noise and target speech, the most realistic listening scenario of the four LISN-S conditions (Glyde et al., 2013) . To guarantee sufficient audibility, maximum stimulation of high-threshold fibres and minimum stimulation of lowthreshold fibres, the prescribed gain amplifier which amplifies the signal according to the NAL-RP prescription (Dillon, 2012) was applied for all participants, and an additional 6 dB overall gain was applied via a Yamaha AX350 amplifier.
NAL Dynamic Conversations Test.
A shortened form of the National Acoustic Laboratories Dynamic Conversations Test (NAL-DCT), was also used to assess speech-in-noise understanding. The NAL-DCT is an on-the-go speech comprehension task designed to assess real-world listening ability in background noise (Best et al., 2016) . Participants listened to six 4-minute monologues presented in competing conversational noise. There was one practice monologue presented at a signal-to-noise ratio (SNR) of À5 dB, followed by five test monologues presented at À7 dB SNR. Before each monologue, participants familiarized themselves with a response sheet containing 10 questions about the monologue. When the monologue commenced, participants were instructed to provide written responses to each question. Scores for each monologue were tallied with a maximum possible score of 50. Because this test was added to the test battery after initial testing commenced, not every participant completed this task (n ¼ 93).
Temporal Fine Structure task.
Sensitivity to the temporal fine structure of sound was assessed using the Temporal Fine Structure task (TFS1) outlined in Moore and Sek (2009) . Participants were given a 2-item forced choice task, in which each item contained four 200 ms sound bursts. One item contained four complex harmonic tones (HHHH), with a fundamental frequency of 400 Hz, and the other contained a harmonic tone alternated with an inharmonic tone (HIHI), in which the components had been shifted up by the same amount (initially set at 150 Hz). The items were separated by an inter-stimulus interval of 300 ms. Participants were instructed to choose the item in which the sound seemed to "fluctuate" (HIHI). Participants completed a short practice session followed by one adaptive test run in which the final 'threshold' was automatically calculated as the geometric mean of the values of the frequency shift of the components in the inharmonic tone in the last six of eight reversals (Moore and Sek, 2009 ). Feedback (correct or incorrect) was provided on screen after each trial. Those who were unable to complete the task at the first attempt (n ¼ 21) were asked to try again. Of these, 13 were unable to complete the task on the second attempt. However, they all completed the modified 40-trial version of the test which yielded a d' score which was converted to a threshold using the method described by Moore and Sek (2009) . Those with thresholds that fell well beyond the range of scores obtained by the rest of the cohort (n ¼ 8) were assigned a nominal threshold of 150 Hz.
2.4.2.4. Threshold-equalizing noise test. The threshold-equalizing noise (TEN) test with ER-3A insert earphones (Moore et al., 2012) was administered at 3 kHz and 4 kHz. In our version of the test participants were asked to detect a 3 kHz or 4 kHz tone presented in TEN, at an elevated level. Presentation level for the TEN was determined by asking participants to indicate on a loudness scale, with categories ranging from 1 (very soft) up to 7 (uncomfortably loud), the level they judged to be 'Loud but OK'. For 3 kHz, this level ranged from 50 e 90 dB HL/ERB N (M ¼ 70.57, SD ¼ 8.75) and for 4 kHz, the level ranged from 40 e 90 dB HL/ERB N (M ¼ 72.13, SD ¼ 9.34). Test tone detection thresholds for each frequency were then measured with a 1 dB final step size. Not surprisingly, the wide variation in presentation levels acceptable to the participants resulted in TEN thresholds increasing, on average, with the presentation level [r ¼ 0.51, p < 0.001]. To remove the effect of presentation level, we subtracted from each threshold the value calculated from the regression line of threshold vs. presentation level. These adjusted TEN thresholds were then used for all further analyses.
2.4.2.5. Amplitude modulation task. Amplitude modulation detection thresholds were tested using a 3.5 kHz carrier tone modulated sinusoidally at 4 Hz (AM4) and 90 Hz (AM90). The duration of AM4 was 750 ms and the duration of AM90 was 500 ms, and these stimuli were centred in 1050 ms and 800 ms of TEN noise respectively. A 20 ms smooth cosine-square window was applied at the beginning and end of the signal. For each modulation rate, participants completed a 3-alternative forced choice 2-down 1-up adaptive procedure, delivered via Psychon software (Kwon, 2012) . The initial step size was 8 dB for the first two reversals, then 2 dB for the remaining eight; the final result was the average of the last six reversals and onscreen feedback (correct or incorrect) was provided after each trial. The first 72 participants were asked to complete two test runs for each modulation rate. However, after confirming no significant difference between the runs for 4 Hz modulation rate [t(71) ¼ 0.17, p > 0.8]; and 90 Hz [t(71) ¼ 0.83, p > 0.4], all remaining participants performed a single test run. One participant was unable to complete the AM4 task and no result was obtained.
Cognitive measures
In order to control for non-auditory processes that might also affect speech-in-noise performance, we administered four cognitive tasks.
Text Reception Threshold test. The Text Reception
Threshold (TRT) test was used to assess participants' generalized or non-auditory language skills. This adaptive task was designed as a visual analogue of speech-in-noise testing and measures the participant's ability to predict a sentence on the basis of limited visual information (Zekveld et al., 2007) . A total of 50 sentences (10 practice; 40 test) from the Speech Perception In Noise test (Kalikow et al., 1977) were selected as stimuli, some of which were modified slightly to reflect contemporary word usage. In each trial, participants were presented with a sentence, in which each word appeared at 500 ms intervals. The words were masked by a series of vertical bars, and participants were required to read each word aloud. The degree of masking was decreased in trials following an incorrect response and increased following correct responses, yielding a TRT for each participant, i.e., the average percentage of unmasked text across the 40 test trials. The TRT task was added to the test battery after initial testing commenced and as a result not all participants completed this task (n ¼ 94).
2.4.3.2. Kaufman Brief Intelligence Test. Nonverbal intelligence was assessed using the matrices subtest of the Kaufman Brief Intelligence Test (KBIT-2; Kaufman and Kaufman, 2004) . This multiplechoice test requires participants to recognise a logical pattern within an incomplete picture matrix, and select one option from four alternatives in order to complete the matrix. The test becomes progressively more difficult, and continues until the participant makes four consecutive errors or completes the final test item. A total raw score was recorded for each participant.
2.4.3.3. Test of Everyday Attention. Attention was assessed using three auditory subtests from the Test of Everyday Attention (TEA Version A; Robertson et al., 1994) . A modified version of subtest 2 'elevator counting', which assesses sustained attention, was used to familiarize each participant with the test procedure. Selective attention was assessed using subtest 3 'elevator counting with distraction'. This requires listeners to count a mid-pitch tone (500 Hz) while ignoring a higher tone (600 Hz) in order to determine the floor at which an imagined elevator has arrived. Attention switching was assessed using subtest 5 'elevator counting with reversal', which requires listeners to count a mid-pitch tone (500 Hz) while using a higher (600 Hz) and lower tone (400 Hz) as cues to reverse-count as necessary to determine the floor at which an elevator has arrived. Six participants were unable to complete subtest 5, which accounts for missing data on this subtest (n ¼ 6). For all remaining participants, the scores from subtests 3 and 5 were averaged to create a single attention score.
2.4.3.4. Digit Span test. Attention, short-term memory and working memory were tested using the Digit Span Forwards (DSF) and Digit Span Backwards (DSB) tests (Weschler, 2008) . The DSF task requires participants to recall digits in the order they are presented while the DSB requires the digits to be recalled in reverse. The string of digits to be recalled increases successively over the course of the task, and testing ceased after two consecutive incorrect items. Two participants failed to complete these tasks and no result was recorded.
2.4.3.5. Reading Span Test. Working memory was assessed using an Australian-English version of the Reading Span Test (RST; Daneman and Carpenter, 1980) using the method described in Best et al. (2016) . Participants were required to read aloud sentences presented word by word on a screen and say 'yes' or 'no' to indicate whether each sentence made sense. The sentences were presented in blocks of three, four, five or six items, and at the end of each block, participants were asked to recall the first or last word of each sentence in any order. For each participant, the percentage of correct words recalled was recorded.
Statistical methods
The data were analyzed using Statistica (Statsoft, version 10). T-tests were conducted to test for significant differences between hearing level and DPOAE amplitudes for the TE vs. the non-TE, and for males vs. females. Independent t-tests were used to test whether males and females differed in terms of age, education, noise exposure, music training, self-reported listening ability and scores on the various test battery items. Mann Whitney U tests were used to test for gender differences in loudness sensitivity, use of ototoxic chemicals and medications, tinnitus, TTS, history of ear infections and smoking history. To determine if there was a relationship between risk factors, such as age, gender, smoking, history of ear infections, use of ototoxic chemicals and medications, TTS episodes and noise exposure, and audiometric outcomes, Pearson or Spearman's rank-order correlation coefficients were calculated, as appropriate. Correlation coefficients were also calculated to examine whether noise exposure and other predictor factors were related to speech-in-noise processing (SSQ12, LiSN-S, NAL-DCT) and tests of auditory processing (TFS1, AM4 and AM90, TEN). Multiple linear regression was then used to assess the relative contribution of each of the various audiometric, auditory and cognitive factors on the auditory processing and speech-in-noise measures. In order to correct for multiple comparisons we applied the false discovery rate (FDR) method with a p-value of 0.05 and a q-value of 0.2; a rate which is said to be appropriate for exploratory studies such as ours (McDonald, 2009 ).
Results
Education and background
Most participants (68%) held a university degree, 25% had a trade or technical qualification and the remaining 7% had attended high school. Nonverbal intelligence scores ranged from 25 to 46 (M ¼ 39.4, SD ¼ 4.2). One participant was retired, four were not working and the others worked in a variety of occupations: there were four community workers, 15 clerical/administrative officers, four labourers/machine operators, six technical or trade workers, 10 managers, 66 professionals, eight students, and four engaged in full-time home duties.
Noise exposure and musical training
There was a wide range of reported noise exposures ranging from 27 e 85,036 Pa 2 h (or 1.43e4.93 logPa 2 h) as shown in Fig. 1 .
Thirty percent of participants reported no significant work noise exposure, whereas 70% reported working in at least one high-noise occupation. Seventy-five percent of participants reported at least some shooting noise exposure and 91% reported nightclub noise exposure during the course of their lifetime. Sixty-two percent of participants reported at least some use of earplugs or earmuffs during high-noise leisure and/or workplace activities. One quarter (25%) had no musical training; 18% had some musical training (<8 years); 40% had substantial musical training (!eight years of training and completion of formal music examinations); and 17% were working professionally as musicians. Participants' index of music training scores ranged from 0 e 10 out of a maximum possible score of 11.
Risk factors for hearing loss and symptoms of noise damage
The percentage of participants reporting risk factors for hearing loss, i.e., smoking, exposure to ototoxic chemicals and medications, and history of ear infection; and symptoms of hearing loss, i.e., tinnitus, loudness sensitivity and TTS is shown in Importantly, the two noise-related risk factors, noise exposure and TTS, were not significantly related to hearing thresholds or DPOAEs, suggesting little evidence of noise-related OHC damage in this cohort.
Hearing thresholds and DPOAEs
Seventy-one percent of participants had normal hearing thresholds (less than or equal to 20 dB HL at 0.25e6 kHz); 21% had near to normal thresholds as defined by (Moore et al., 2012) , i.e., less than or equal to 25 dB HL up to 2 kHz; less than or equal to 30 dB HL at 3 kHz, less than or equal to 35 dB HL at 4 kHz; and less than or equal to 40 dB HL at 6 kHz. In the remaining 8% of participants, there were only one or two thresholds outside these criteria, so a decision was made to include them. There were no significant differences between thresholds or DPOAEs for males and females, and all participants had clinically symmetrical hearing with no more than a 10 dB threshold difference between the ears at more than two adjacent standard octave frequencies (Besser et al., 2015) . Fig. 2 shows the TE hearing threshold levels for the group. Participants' average LF thresholds (0.25e2 kHz) for the TE did not differ significantly from those of the non-TE. However, there were small, but significant differences in TE and non-TE thresholds above 3 kHz. In the HF region (3e6 kHz), there was a 1.5 dB difference in threshold levels [t(121) ¼ À3.4, p ¼ 0.0009] and in the EHF region, a 1.9 dB difference, [t(121) ¼ À2.3, p ¼ 0.02], with the TE better than the non-TE in both cases. Similarly, there was a 1.5 dB difference in the TE and non-TE HF DPOAE [t(121) ¼ 2.8, p ¼ 0.007].
Nine participants reported exposure to loud noise in the 24 h before attending the laboratory, and of these, seven did not wear hearing protection, however only one had thresholds that fell outside the near to normal criteria (by 2dB at 3 kHz). Furthermore, the average TE hearing threshold levels (LF, HF and EHF) and DPOAE amplitudes for this group did not differ significantly from the other participants, and thus all were included in the study.
Gender differences
Gender was associated with loudness sensitivity, with females reporting a significantly higher incidence of sensitivity to loud sounds [ 
Effect of noise exposure on auditory processing
Pearson correlation coefficients were calculated to examine whether noise exposure was related to speech-in-noise processing (SSQ12, LiSN-S, NAL-DCT) or performance on tests of auditory processing (TFS1, AM4 and AM90, TEN). There were no significant correlations between noise exposure and any of these auditory processing or speech-in-noise measures (see Supplementary Materials). To probe the effect of noise exposure further, we decided to re-examine the data by taking a group-based approach. The rationale was that by comparing cases with either very high-or very low-noise exposures, the impact of noise exposure on auditory processing and/or speech-in-noise measures may be more evident.
First, we selected participants who reported attending nightclubs more than once a week during at least one decade of their life (n ¼ 11). This attendance pattern was selected because it represents the type of noise exposure most similar to the synaptopathic exposure imposed on mice by Kujawa and Liberman (2009) . We compared these frequent nightclub attendees with a group of participants who reported never having attended a nightclub (n ¼ 11). We conducted a series of t-tests to determine any differences between the two groups, but the only significant difference between the groups was in terms of their nightclub noise exposure (M frequent nightclub exposure ¼ 3.9; M no nightclub exposure ¼ 0),
Next, we compared two groups of 25 participants with no workplace noise exposure vs. the highest levels of workplace noise exposure (excluding professional musicians). While workplace exposure tends to be of lower intensity than nightclub noise, it occurs more regularly and over a greater time period, and is potentially as damaging as shorter more intense exposures, at least in mice (Fernandez et al., 2015 
Effect of other variables and auditory processes
Despite the lack of a relationship between noise exposure and performance on these auditory processing and speech-in-noise tasks, there were several significant low-to-moderate correlations with other predictor variables. As shown in participants who reported a higher incidence of tinnitus and TTS and those with more musical training, stronger MOCR suppression and better attentional skills had lower AM90 thresholds (i.e., better temporal processing).
MOCR strength and TEA were also negatively correlated with TEN tone thresholds [ r MOCR ¼ À0.27, p ¼ 0.006; r TEA ¼ À0.20, p ¼ 0.02] suggesting that those with higher MOCR suppression strength and better attention are better able to detect tones in noise.
To examine the relative effects of each of these predictor variables on auditory processing performance, we tested three regression models, one for each of TFS1, TEN and AM90. We included the eight predictor variables that correlated significantly with at least one of the auditory processes (marked with * in Table 4 ). For TFS1, the regression showed that when all other variables were held steady, music training was the only predictor significantly associated with lower (better) TFS1 thresholds. 
Speech-in-noise measures
In our final analysis, we examined the relationship between the various predictor variables and speech-in-noise measures, again using Pearson correlations and multiple linear regression. The significant results are shown in bold in TEA and RST were also positively correlated with NAL-DCT passage scores [r TEA ¼ 0.23, p ¼ 0.03; r RST ¼ 0.40, p < 0.001] indicating that those with better attention and working memory performed better on this real-world listening task. Age, EHF thresholds, TFS1 and TRT thresholds were negatively correlated with the NAL-DCT [r age ¼ À0.30, p ¼ 0.004; r EHF thresholds ¼ À0.37, p < 0.001; r TFS1 ¼ À0.27, p ¼ 0.009; r TRT ¼ À0.47, p < 0.001] indicating that older participants with poorer EHF hearing, and higher (worse) TFS1 and TRT thresholds performed more poorly when undertaking this real-world listening task.
We hypothesized that the performance on the auditory processing tasks would be related to the three speech-in-noise measures so these were added to the regression model together with the eight predictor variables that correlated significantly with the speech-in-noise measures. These are marked with * in Table 5 Note: There were no significant results for the AM4 tasks and therefore results for this test have not been included. Results highlighted in bold are significant when controlling the FDR at level 0.2; * indicates predictor variables that are correlated with at least one auditory processing task.
t(63) ¼ 2.37, p ¼ 0.02], indicating that higher working memory scores were associated with higher scores on the NAL-DCT, after taking into account the effect of all the other variables. EHF thresholds and TRT were also significant [b ¼ À0.26, t(63) ¼ À2.13,
indicating that when other variables were held constant, better EHF hearing and TRT scores were associated with higher scores on the NAL-DCT. The regression weight for TFS1 threshold approached significance [b ¼ À0.19, t(63) ¼ À1.78, p ¼ 0.08], suggesting that better sensitivity to temporal fine structure may also be associated with better real-world speech-in-noise listening.
Discussion
The present study set out to examine the effect of noise exposure on auditory processes and speech-in-noise performance. In other words, we sought to determine if there is a direct link between noise exposure and perceptual problems in humans. It was hypothesized that, due to noise-induced loss of synaptic connections between cochlea IHCs and high threshold low-SR auditory nerve fibres, auditory processing skills would be compromised in normal-hearing noise-exposed adults and they would exhibit difficulty processing speech in noise, even though they would 'pass' a standard hearing test. However, the results did not support the research hypothesis e there was no evidence of the anticipated effect of noise exposure on auditory processing, nor on the ability to understand speech in noise. This was the case regardless of whether we analysed our data as 'continuous' or compared discrete groups of low-and high-noise exposure cases.
Differences between animal and human research
There are several possible explanations for this finding. First, it may be that humans, like guinea pigs, have a greater capacity for synaptic repair than the CBA/CaJ mice strain in which noiseinduced neural degeneration was first observed (Kujawa and Liberman, 2009; Liberman and Liberman, 2015) . Recent guinea pig studies (Liu et al., 2012; Shi et al., 2016) showed that, in addition to synaptic degeneration, partial synaptic repair also occurs following high-noise exposure, and this process of repair may be one reason why noise-induced damage in humans seems to be more highly variable than in mice. Comparative studies of the synaptic structures in humans and rodents show that, while largely similar, there are also important differences, which are related to greater plasticity in humans. For example, a study of excitatory synaptic structures in the cortex of humans and mice showed that while there is considerable overlap in the protein components of the post-synaptic terminals of both species, humans have a greater abundance of proteins associated with neural plasticity (Bay es et al., 2012) . Similarly, a study of synaptic protein development in the visual cortex of rats and humans showed that human synapses follow a slower developmental time course and exhibit greater plasticity since there is more inter-individual variability in human synaptic proteins when compared to rats (Pinto et al., 2015) . Although these findings relate to cortical synapses, they suggest a greater overall propensity for plasticity in human synapses, which might translate to an increased likelihood of successful synaptic repair in humans following noise damage. This might account, at least to some extent, for our inability to replicate the animal findings.
A second potential difference between animal and human auditory systems that might have contributed to our results relates to the time course of cell death following cochlear synaptopathy. The animal studies suggest that synaptopathy occurs during highnoise exposures but spiral ganglion cell death is not evident until 12 months later, and continues to occur up to two years postexposure (Kujawa and Liberman, 2009; Liberman and Liberman, 2015) . If this timeframe is translated to the human lifespan, then we might expect that cell death will occur gradually from time of initial exposure until mid-late adulthood. During this time, as long as the spiral ganglion cell remains viable, some degree of synaptic repair may yet occur, and there may also be additional noise exposures which could disrupt repair processes. The presumed extended timeframe for cell death in humans, variation in human patterns of noise exposure, and their greater inter-individual synaptic variation (Pinto et al., 2015) means there is more scope for synaptic repair to vary between humans, and this might explain the high level of individual variation observed in our study cohort and other noise-exposed samples (e.g., Hope et al., 2013) .
A third factor that may have affected our results is related to genetic and anatomic differences between humans. These factors are well controlled in animal studies, in which researchers select Results highlighted in bold are significant when controlling the FDR at 0.2; * indicates predictor variables that correlated with at least one speech-in-noise measure.
particular strains that are specially bred to minimize genetic and anatomic variation. In contrast, large and diverse groups of humans, such as the one described here, include a vast array of genetic and anatomic variation between participants. Dobie and Humes (2017) have suggested that humans are less susceptible to TTS and argue that they are therefore less likely to sustain noise-induced cochlear synaptopathy than rodents. There is also evidence that certain individuals may be more or less genetically susceptible to damage from noise exposure/s than others (Abreu-Silva et al., 2011; Kowalski et al., 2014; Yang et al., 2016; Zhang et al., 2014) . Furthermore, there may be interactive effects between genetic susceptibility and environmental factors, such as exposure to ototoxic agents. Anatomical differences in ear canal length and cochlear morphology may also affect one's susceptibility to noise damage. These inter-individual differences are likely to result in outcomes that are highly variable across individual humans, as we and others have found (Bharadwaj et al., 2015; Ruggles et al., 2014; Swaminathan et al., 2015) . Large variations in people's noise exposure is another relevant factor that distinguishes human research from the earlier mammalian work. In the animal studies, the noise exposure dose and age at which it occurred was carefully controlled, a situation not possible in human research. Indeed, our participants reported a wide range of noise exposures of varying intensity and duration, occurring at various stages of life. All but 11 participants reported attending nightclubs at least occasionally, which means that nearly all had likely been exposed to a noise dose very similar to the 2-hour 98e100 dB SPL doses used in the animal studies. Dobie and Humes (2017) argued that very high levels of exposure are likely to be required to induce synaptopathy in humans, however if the animal results were directly translatable to humans (in regard to both the damage mechanisms and the noise dose needed to cause damage), then we would assume that 111 of our participants had sustained at least a degree of cochlear synaptopathy. However, because we cannot be sure whether the impact of additional repeated noise exposures is incremental or additive, and given the possibility of synaptic repair during the extended time course of cell death, it is not possible to predict the degree of synaptopathy in each participant on the basis of lifetime noise history alone. It is therefore perhaps not surprising that we found no clear relationship between accumulated noise exposure and auditory perception.
Despite the fact that reported lifetime noise exposure was not a significant predictor of auditory processing deficits, other notable results have emerged, which have implications for our understanding of how the human auditory system processes speech in noise, and the interplay between peripheral and central mechanisms.
Incoming signal vs. noise suppression
Our results demonstrated that those with superior skills in detecting amplitude modulation and fine differences in the temporal features of sound perform better on speech-in-noise tasks, consistent with encoding of timing information being important for processing speech in background noise (Paul et al., 2017) . However, our data also provide evidence that the ability to suppress noise, not just detect an incoming signal, is also crucial to effective listening. Our MOCR test, revealed that those with a lower strength score reported experiencing more overall listening difficulty. Those with lower MOCR strength also performed more poorly on two of the auditory processes: AM90 and the TEN test, both of which involved detecting a tone in noise. While the full extent of the mechanisms and function of the olivocochlear system are still being clarified (Froud et al., 2015) , our findings are consistent with previous research which suggests that the medial-olivocochlear pathway plays a role in detection and discrimination of sounds in noise (Garinis et al., 2011; Guinan 2006) and in mediating attention (Harkrider and Bowers, 2009; Srinivasan et al., 2014) . It may also be that the involvement of efferent centrally driven processes that suppress noise and/or enhance incoming signals in accordance with cognitive and attentional processes may play a greater role in human sound perception than in animals (Wittekindt et al., 2014) . Individual differences in such processes might interact with any noise-induced effects on the peripheral system, and make any relationships between noise exposure and auditory perception less apparent.
Attention and working memory
The results obtained here support the notion that working memory and attention are central to the ability to understand speech in noise (Ingvalson et al., 2015; Keidser et al., 2015) . Scores on the RST, which assesses working memory by simultaneously testing storage capacity and processing of information (Daneman and Carpenter, 1980; Ronnberg et al., 1989) were a significant predictor of speech-in-noise scores and participants' estimates of listening ability. The significant correlations, albeit weak, between RST and the LiSN-S task and between attention and the auditory process (TFS1, TEN and AM90) and speech-in-noise measures (LiSN-S and NAL-DCT) reinforce the notion that working memory and attention are crucial factors in speech-in-noise perception. This finding is consistent with numerous studies which report a link between speech-in-noise perception and working memory and attention for those with documented noise exposure (Bressler et al., 2017; Hope et al., 2013; Suting, 2016) and those from the general population (Anderson et al., 2013; Füllgrabe et al., 2014; GordonSalant and Cole, 2016; Mattys et al., 2012; Silbert and Motlagh Zadeh, 2015; Wild et al., 2012) .
Extended high frequency hearing
Previous research has suggested that damage from noise exposure may first become apparent in the EHF region not routinely included in clinical assessments (Le Prell et al., 2013; Mehrparvar et al., 2011; Somma et al., 2008; Sulaiman et al., 2014) . Although we did not find a relationship between noise exposure and EHF thresholds, we did find that elevated EHF thresholds were related to poorer speech-in-noise performance (LiSN-S and NAL-DCT) and greater self-reported listening difficulty (SSQ12). These findings imply that EHF thresholds, whether or not they are elevated as a result of noise exposure, may be an early indicator of an impaired auditory system. Indeed several recent studies support this conclusion. Badri et al. (2011) reported that normal hearers who performed poorly on a speech-in-noise task had elevated thresholds at 12.5 and 14 kHz; Prendergast et al. (2017) reported that normal-hearing young female adults with greater cumulative noise exposure had poorer sensitivity at 16 kHz compared to those with less exposure; and Liberman et al. (2016) also found that normal-hearing young adults with self-reported high-noise risk had elevated thresholds at 10e16 kHz. Interestingly, evidence from animal research shows that 8-week old mice (but not 16-week-old mice) exposed to a single 98 dB SPL noise episode exhibit permanent threshold shift and loss of OHCs at high frequencies . In humans, these ages equate approximately with adolescence and early adulthood respectively, thus it may be that humans who sustain noise exposure while teenagers might be expected to have poorer HF and EHF thresholds than those first exposed at a later age. Taken together, these findings suggest that elevated EHF thresholds are an early indicator that subclinical damage has occurred and it may be prudent to test thresholds at some or all of these frequencies for patients who present with speech-in-noise difficulties or suspected noise damage (Rodríguez Valiente et al., 2016) .
Sentence closure skills
Interestingly, performance on the TRT test, which is a visual language task, was a significant predictor of performance on the NAL-DCT. The fact that those who were better at a challenging real world listening task were also better at a challenging visual reading task suggests that under adverse conditions perceptual abilities in the auditory and visual domains may depend at least in part on a common system (Anaya et al., 2016) . Our results are consistent with previous research linking auditory and visual language perception (Zekveld et al., 2007) and indicate that generalised sentence closure skills or an ability to 'fill in the gaps' is an influential factor for understanding real-world speech in noise. The larger regression coefficient obtained for the TRT task (b ¼ À0.31) suggests that sentence closure is more important than working memory and attention, at least for the NAL-DCT task, and further implies that this test may be a useful tool for predicting real-world speech-innoise performance (Besser et al., 2015; Zekveld et al., 2013 ).
Musical training
Musical training has previously been found to provide listeners with enhanced auditory processing skills (Strait and Kraus, 2014) , enhanced ability to understand speech in noise (Anaya et al., 2016; Parbery-Clark et al., 2009) , and stronger neurophysiological responses to sound (Parbery-Clark et al., 2012 ). While we demonstrated that participants with more musical training were better at the TFS and AM processing tasks, we did not find that musicians were better at either of the speech-in-noise tests (see Supplementary Materials). This suggests that while musical training does seem to provide listeners with some form of advantage when processing tones in noise, there are clearly other factors that play a role when perceiving more complex signals such as speech in noise.
Study limitations and future directions
There are a number of methodological factors which may have affected the results of this study, and these should be considered when interpreting the findings. Firstly, for our main analyses, we measured noise exposure as a continuous variable, which is in contrast to other laboratories who have reported on results from two discrete groups, one low-noise and high-noise (e.g., Liberman et al., 2016) . However, even when we selected and compared disparate groups from within our cohort, there were no significant differences in the performance of the groups. As with other similar retrospective studies, because the calculation of lifetime noise exposure involves recall of past events and inherent difficulties estimating the contribution of impulse noise exposure (Honeth et al., 2015; Nakashima and Hu, 2007) , there is necessarily a degree of uncertainty in the noise exposure metrics. With regards to our test battery, although care was taken to minimize the duration of the various tasks, the large number of test items may have resulted in fatigue and a reduction in performance for some participants. Our chosen method of correcting for multiple comparisons means that some positive results may have been falsely identified. Although the approach taken is appropriate given the exploratory nature of this study, it does mean that the significant results should be interpreted with caution, at least until they have been replicated by other researchers. Our speech-in-noise measures were complex in order to mimic real-world conditions and increase ecological validity. However, more simplistic phoneme-or syllable-based tasks may have produced different results. Finally, it might be that the use of more objective measures of auditory processing, that are less susceptible to attentional and cognitive processes, would have yielded alternative results. To this end, a subset of participants from this study has completed a related electrophysiological study that examined auditory responses at the brainstem and cortical level. Analysis of these results will shed further light on the effect of noise exposure and musical training on the human auditory system.
Conclusion
This study is one of several that have tried to test the hypothesis that there is a link between noise-induced cochlear synaptopathy and auditory difficulties in humans. To date there have been mixed results, and it is becoming clear that replicating the results reported for animal models in a human cohort is challenging and may not even be possible. Although we found no clear relationship between noise exposure and auditory perception, our results point to the fact that understanding speech in noise is a multifaceted and complex task that is susceptible to a wide range of peripheral and central factors. Working memory, attention, generalized language skills and EHF hearing all appear to be critical elements in determining performance in challenging listening environments. Our results do not rule out the existence of noise-induced cochlear synaptopathy, nor do they imply that it has no detrimental effects, but at least in this large and diverse group of individuals, there was no clear evidence of noise-induced cochlear synaptopathy, and noise exposure was not significantly related to auditory processing or speech-in-noise performance.
